INTRODUCTION
In a much quoted study Maxton et al. [1] reported the permeability of the human intestine to a number of inert water-soluble molecules with molecular masses in the range 150-500 Da. They measured the amount of lactulose, &"Cr-labelled EDTA, rhamnose and polyethyleneglycol (PEG) appearing in the urine within 5 h of oral administration. The PEG preparation used (PEG-400) was a polydisperse mixture of average molecular mass 400 Da, and the relative excretion of eight distinct ethyleneglycol oligomers, each of defined molecular mass, was determined. The results for PEG indicated a decrease in permeability with increasing molecular mass within the range 300-500 Da. There was a similar correlation with molecular mass among four carbohydrates studied in both that and some earlier studies. Similar permeabilities were observed for lactulose and &"Cr-EDTA, both of which have molecular masses of around 340 Da. However, the permeabilities of the PEG species were all much higher than those of carbohydrates of similar molecular size ; for example, the permeability of the 326 Da PEG fraction was some 20 times that of lactulose (342 Da). The authors concluded that the two groups of molecules must traverse the intestinal wall by different mechanisms. A recent review [2] revisited these data and their interpretation. Summarizing the conclusions of the earlier paper [1] , it describes the three postulated pathways as paracellular (lactulose and &"Cr-EDTA), transcellular ' aqueous ' (L-rhamnose) and transcellular ' lipid ' (PEG-400).
Another explanation of intestinal permeability data is that molecular shape, and specifically a molecule's minimum effective diameter, determines rate of passage. When penetration rates for six substances (PEG-400, mannitol, rhamnose, lactulose, cellobiose and Cr-EDTA) were drawn from a variety of published sources and graphed against the smallest molecular dimension, a good correlation was demonstrated [3] . This correlation led Hollander [4] to postulate passage of these molecules through paracellular aqueous channels. A large but thin molecule such as PEG might traverse the channels more rapidly than smaller but more spherical molecules. This model accounts well for the six penetration rates selected for analysis, but is less satisfactory when applied to a wider data set. The rank order of the penetration rates analysed differs from that reported by Maxton et al. [1] . Nor can the model adequately explain the different permeabilities of PEG oligomers, which should all have the same minimum molecular dimension and be equally capable of passage through channels by reptation. Nevertheless, a recent inter-species comparison of mannitol and lactulose penetration across the intestine [5] was interpreted on the basis of this model, requiring the further postulate that pores must exist that permit mannitol to enter but exclude lactulose.
A study of the permeation of non-electrolytes across the rat liver lysosome membrane [6] yielded results that echo those of Maxton et al. [1] . Within homologous series of either the sugars, the sugar alcohols or PEG, a good correlation with molecular mass was found. However, there was no correlation with molecular mass for the entire series of compounds. Specifically, the PEG oligomers penetrated more rapidly than carbohydrates of similar molecular mass. The problem was resolved when each molecule's permeability was correlated with its notional hydrogen-bonding capacity. The latter is not an experimentally derived value, but one calculated by inspection of a molecule's structural formula and summing the individual (theory-derived) hydrogen-bonding capacities of its functional groups [7] . A near-perfect inverse correlation was observed for all the 43 compounds studied [6] . In light of this outcome and its explanatory potential, the data reported by Maxton et al. [1] on intestinal permeability are now reconsidered. Table 1 shows the human intestinal permeability data reported in [1] and the molecular masses and notional hydrogen-bonding capacities of each of the substances The compounds are listed in ascending order of hydrogen-bonding capacity and, where these are equal, in order of molecular mass. The degree of polymerization of PEG molecules is shown in parentheses. Hydrogen-bonding capacity is calculated by allocating 2.0 for each alcohol (C-O-H) group and 0.8 for each ether or hemiacetal (C-O-C) group, as previously assigned [6] . Permeability values are in arbitrary units and taken from Figure 2 of [2] . 51 Cr-EDTA has been omitted from the analysis, as its hydrogen-bonding capacity is unknown. studied. There is a clear inverse correlation between permeability and hydrogen-bonding capacity for the entire range of 13 molecules. The only molecule whose permeability appears seriously out of line with the general pattern is L-rhamnose, whose hydrogen-bonding capacity of 8.8 would predict a permeability some three times the measured value.
RESULTS

Compound
The most notable feature of Table 1 is that there is no discontinuity between the PEGs and the carbohydrates. Mannitol and PEG (n l 11) have the same hydrogenbonding capacity and similar permeabilities, although differing greatly in molecular mass. Likewise xylose and PEG (n l 7).
In Figure 1 the permeability data are shown as a function of hydrogen-bonding capacity. The semi-logarithmic plot shows a linear regression with a correlation coefficient of 0.93, or of 0.96 if the value for rhamnose is excluded. Although the data points at the top of the graph are close to the regression line, they are distributed asymmetrically around it. It is difficult to attribute any significance to this observation, however, because the values are means of 10 measurements with a standard error of around 10 % (Figure 4 of [1] ).
DISCUSSION
In studies on the penetration of water-soluble molecules through inter-compartment barriers in biological systems, the customary null hypothesis is that permeability will correlate well with oil-water partition coefficients, indicating that ease of passage from an aqueous to a lipid environment is the principal determinant of penetration. When results deviate from this prediction, alternative explanations are sought in terms of mechanisms of transport, through cells and between them, that are available to some solutes but not all.
Oil-water partition coefficients are notoriously difficult to measure for highly hydrophilic molecules such as those studied by Maxton et al. [1] . It is for such hydrophilic molecules that the calculation of notional hydrogen-bonding capacity is particularly valuable. Because it is a measure of a molecule's affinity with water, it should and does correlate well with oil-water partition coefficient, where the latter is available, and also with permeability in a variety of biological systems [7] .
Our analysis suggests that the intestinal permeabilities reported by Maxton et al. [1] are satisfactorily explained on the basis of passive diffusion across a lipid barrier. A similar analysis was made and a similar conclusion reached for permeability data on the passage of polyols across the mammalian placenta [8] . In the case of the intestine the lipid barrier can be identified as the series of cell membranes that separate the intestinal lumen and the capillary blood. We propose that PEGs are more permeable than carbohydrates of similar molecular mass because they are significantly more hydrophobic. Suggestions that this might be the case have previously been advanced [2, 9] but, in the absence of reliable partition coefficients, the evidence has been inconclusive.
In their overview article on intestinal permeability Bjarnason et al. [2] describe and critically evaluate the widely accepted three-pathway model for solute translocation across the intestine. The authors draw attention to the advantage of this model (it provides an explanation for the data), but also point out that there is no direct evidence for the anatomical presence of the three distinct pathways. The analysis we present here indicates that the data set on which the three-pathway model is principally based does not demand the existence of multiple mechanisms. However, we also stress that our analysis does not prove that only one mechanism is involved. Passive diffusion across cell membranes is presented here as a viable working hypothesis, awaiting a convincing disproof.
Finally, we note that in vivo permeability of solutes across the intestine is influenced by numerous factors other than intrinsic penetration rates (by whatever mechanism). Intestinal flow rate is one such factor [10] . Intestinal pathology can also severely disturb solute translocation across the intestine, and these changes form the basis of the intestinal permeability tests that are well established as an aid to diagnosis and treatment. In their comprehensive review Bjarnason et al. [2] rightly conclude that the empirical value of these tests is not yet matched by an understanding of the cellular mechanisms involved. Until it is, it will remain unclear whether particular disease processes are altering normal pathways or creating additional routes. Fortunately the tests are demonstrably valid clinically, even in the absence of a firm theoretical base.
